The transient receptor potential Ankyrin-1 (TRPA1) ion channel is modulated by myriad 22 noxious stimuli that interact with multiple regions of the channel, including cysteine-23 reactive natural extracts from onion and garlic which modify residues in the cytoplasmic 24 domains. The way in which TRPA1 cytoplasmic domain modification is coupled to opening 25 of the ion-conducting pore has yet to be elucidated. The cryo-EM structure of TRPA1 26 revealed a tetrameric C-terminal coiled-coil surrounded by N-terminal ankyrin repeat 27 domains (ARDs), an architecture shared with the canonical transient receptor potential 28 (TRPC) ion channel family. Similarly, structures of the TRP melastatin (TRPM) ion channel 29 family also showed a C-terminal coiled-coil surrounded by N-terminal cytoplasmic 30 domains. This conserved architecture may indicate a common gating mechanism by which 31 modification of cytoplasmic domains can transduce conformational changes to open the 32
Indeed, it has been reported that IP 6 , a polyphosphate compound, was required for 118 purification of human TRPA1 [15] , leading the authors to hypothesized that the negatively 119 charged IP 6 molecule countered the positively charged amino acids (Fig 1) allowing for 120 tetramerization of the coiled-coil domain [15] .
121
TRPA1 is one of several TRP channels are known to be regulated by temperature 122 [32, 33] . The temperature dependence (cold or heat activation) of human TRPA1 remains 123 controversial [5] . Further, whether TRP channels contain a distinct "temperature sensor" or 124 have a diffuse set of amino acids that contribute to differences in heat capacity between 125 the open and closed states [34] remains unknown. However, the temperature dependence 126 of a prokaryotic sodium channel has been shown to be due to unwinding of a C-terminal 127 coiled-coil, leading the authors to suggest a similar mechanism for the coiled-coil of 128 TRPA1 [35] . If this model of TRPA1 temperature sensation is accurate, we should be able 129 to see a temperature dependent unwinding of the TRPA1 coiled-coil. Since IP 6 is thought 130 to interact with the coiled-coil [15], we might expect that this molecule alters biochemical 131 properties of the cytoplasmic domains at elevated temperatures such as coiled-coil 132 tetramerization, coiled-coil helix stability, or coiled-coil-ARD interactions. 133 We used isolated protein domains from human TRPA1 consisting of the C-terminal 134 coiled-coil and the N-terminal ARDs to probe the role of IP 6 , temperature, and electrophilic 135 activators on multimerization of the cytoplasmic domains. We showed that coiled-coil 136 concentration is the primary determinant of tetramerization, but with a low affinity such that 137 it is unlikely to be the primary driver of full-length channel tetramerization. We observed 138 that IP 6 had no effect on the tetramerization of the coiled-coil, suggesting that the 139 requirement of polyphosphates for TRPA1 function in excised patches is not simply due to 7 140 biochemical stabilization of the coiled-coil. We also showed that the CC helix unwinds 141~25% as temperature is elevated, independent of IP 6 , but that the partial helix unwinding 142 had no detectable impact on coiled-coil tetramerization. This is consistent with the model 143 of partial helix unwinding leading to gating as proposed by Arrigoni et al [35] . Finally, we 144 showed that neither removal of IP 6 , increasing temperature, nor addition of AITC abolished 145 interactions between the coiled-coil and the ARDs. The system developed here maintains 146 interactions observed in the full-length channel structure and can serve as a basis in which 147 to study conformational changes in the cytoplasmic domains that result in channel 148 activation.
149

Results
150
IP 6 does not alter coiled-coil oligomerization 151 In order to explore the role of TRPA1 cytoplasmic domains in channel modulation, 152 we developed constructs suitable for biochemical characterization. The primary sequence 153 of the human TRPA1 coiled-coiled consisting of amino acids A1036-T1078 (referred to as 154 CC1) contains no tryptophan residues and few other residues that absorb at 280 nm 155 making it difficult to observe in standard size exclusion chromatography with absorbance 156 detection. Hence, in order to examine coiled-coil oligomerization we expressed CC1 as a 157 maltose-binding protein (MBP) fusion (referred to as MBPCC1, Fig 2A) . In addition to 158 providing strong absorption signal at 280 nm this also allows for easy discrimination 159 between monomeric fusion protein of ~50 kDa and tetrameric protein of ~200 kDa using conditions. When we diluted MBPCC1 to 1 mg/ul (~20 μM) and analyzed the protein with 182 SEC-MALS we observed protein at 138 kDA (± 0.4%), a molecular weight in between that 183 of a dimer and trimer as well as a peak consistent with a monomer (53 kDa) ( Fig 2C) . 184 Thus, multimerization appeared to depend on the concentration of protein but not IP 6 .
185
When we ran the human TRPA1 protein sequence through the COILS 186 algorithm[38], we noticed a second region consisting of amino acids D1082-K1113 187 (referred to as CC2) that showed propensity for forming a coiled-coil. We tested whether a 188 purified protein fragment corresponding to this region formed a coiled-coil in vitro by 189 expressing it as an MBP fusion protein (MBPCC2). When MBPCC2 was run on SEC in the 9 190 absence or presence of IP 6 it eluted at a molecular weight consistent with a monomer (Fig 191 2D,E). When we incubated purified MBPCC1 at a low concentration and MBPCC2 192 together and ran the sample on SEC, the chromatograms showed no sign of heteromeric 193 oligomerization between CC1 and CC2 in the absence or presence of IP 6 ( Fig 2D,E) .
194
Isolated coiled-coil protein is helical and unwinds at room temperature 195 It was recently shown that the unwinding of a C-terminal coiled-coil at increasing 196 temperatures underlies temperature-sensitive gating of a prokaryotic sodium channel and 197 it was suggested that a similar mechanism could be the case for TRPA1 [35] . We tested 198 whether temperature would partially unwind CC1 and whether IP 6 would prevent this 199 unwinding, testing the hypothesis that the functional requirement for IP 6 in excised patches 200 is due to its stabilization of CC1. 201 We used circular dichroism spectroscopy (CD) on isolated CC1 (Fig 2A) to probe 202 the helical content at increasing temperatures in the presence and absence of IP 6 (Fig 3) .
203
From 4C to 47C, there was a marked and reversible decrease in ellipticity of CC1 in the 204 presence ( Fig 3A) and absence of IP 6 ( Fig 3B) . When the ellipticity at 222 nm at different 205 temperatures was normalized to the ellipticity at 222nm at 4C we observed a reversible 206~25% reduction, as temperature is increased to 42C indicating that part of the coiled coil 207 was reversibly lost as temperature was increased and that this occurred in an IP 6 -208 independent manner. Although these data are not sufficient to conclude that the partial The TRPA1 coiled-coil forms intersubunit interactions (Fig 1) that may contribute to 238 the tetramerization of the full-length channel. It has previously been shown that the 239 intracellular T1 domains of some voltage-gated potassium channels specify compatibility 240 for tetramerization among different K V subunits [39, 40] . We therefore tested whether the 11 241 TRPA1 coiled-coils could drive full-length channel tetramerization. We evaluated 242 tetramerization of decreasing concentrations of MBPCC1 fusion protein in the presence or 243 absence of IP 6 using size-exclusion chromatography (Fig 4C, D) . There fraction of 244 tetrameric MBPCC1 at different concentrations was the same in the presence or absence 245 of IP 6 ( Fig 4E) . The concentration-tetramerization curve was half maximal in the Since the full-length TRPA1 structure showed interactions between the C-terminal 253 coiled-coil and the N-terminal ARDs we tested if our isolated coiled-coil protein could 254 interact with isolated ARDs in vitro. To test this, we made a His-tagged construct 255 containing amino acids 446-639, corresponding to ARDs with resolvable density in the 256 human TRPA1 cryoEM structure. We then co-expressed this ARD construct with a His-257 tagged MBPCC1 construct or expressed ARD alone and tested whether the proteins co-258 purified with amylose affinity resin ( Fig 5) . As shown in the Western Blot analysis in Fig 5,   259 we observed that ARD protein could be co-purified with MBPCC1 using amylose affinity 260 chromatography with little or no ARD protein bound to amylose resin in absence of 261 MBPCC1 ( Fig 5) . The TRPA1 cryoEM structure contains a non-protein density at the interface 274 between the coiled-coil and ARDs that was attributed to IP 6 ( Fig 1B) . We therefore tested (Fig 5A,C) . We next tested whether increasing temperature to 37C would change binding 282 (Fig 5B,C) . Although there was a significant decrease in the amount of ARD pulled-down 283 with CC1at 37C, binding was nonetheless above background levels (Fig 5B,C) . When we 284 plotted the ratio of ARD to MBPCC1 of input sample to the ratio of ARD to MBPCC1 in the 285 amylose-bound sample we observed a correlation between the ratio of ARD:MBPCC1 286 expressed and the fraction of ARD pulled-down. Notably, the ARD expression used in 287 37C experiments was generally less than that of experiments at 4C (Fig 5D) , suggesting 288 a possible explanation for the lower co-purification we observed. In any case, at both 4C 289 (Fig 5A, C) and 37C (Fig 5B, C) terminal coiled-coil can form tetramers (Fig 2 and Fig 4) and interact with the N-terminal 296 ARDs ( Fig 5) as observed in the full-length channel structure, key requirements for our in 297 vitro system. 298 We used our system to test a number of hypotheses that could provide insight into 299 how the cytoplasmic domains could be involved in channel gating. We showed that IP 6 300 was not required for structural stability of the TRPA1 C-terminal coiled-coil (Fig 2, 4) or the 301 oligomeric stability of the interactions between the N-terminal ARDs and the C-terminal 302 coiled-coil ( Fig 5) . We further showed that AITC was not required for the interaction 303 between the ARDs and the coiled-coil in our isolated-domain system ( Fig 5) . We showed a 304 reversible partial coiled-coil helix unwinding as temperature was increased (Fig 3) , 
